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ABS TRAC T y 3 Q  
The development of a continuous polar imeter  applicable 

to  Faraday  rotation investigation of satellite t ransmissions is 

presented. 

determination of the Faraday rotation at the ground, under condi- 

tions which a r e  likely to  produce fluctuations o r  changes in the 

direction of rotation. This is accomplished by resolving the 

l inearly polarized wave into its component oppositely sensed 

circular ly  polarized modes using a fixed-geometry antenna system. 

The component modes a r e  phase compared to  determine contin- 

uously the position and sense of the plane of polarization of the 

wave. 

The sys tem is designed to avercame ainbigrrities in 

. 
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1. INTRODUCTION 

* 

The satell i te has proved to be an  extremely useful tool for 

the investigation of the upper atmosphere.  

ionosphere, satellites have provided many types of information. 

F o r  example, a satellite may ac t  as a probe, yielding a wide 

variety of environmental data; it may  act as a sounder by t r ans -  

mitting radio waves downward and measuring the echo range; o r  

the satell i te may  act a s  a beacon, transmitting directly to  the 

ground where the radio waves can be analyzed having passed through 

the ionosphere. 

In the study of the 

The satellite's pr imary advantage i s  i ts  long-term high 

altitude operation. In this respect,  it increases  the range of 

sounding studies t o  the top half of the electron density profile and 

overcomes some of the difficulties encountered with the short  

lifetime of a rocket, which has been the p r imary  vehicle for probe 

investigation. In addition, a satell i te,  depending upon its  orbit ,  

can provide worldwide coverage thus furnishing data for all types 

of geographic and geomagnetic conditions. 

2. Beacon Satellite Investigations 

A s  a beacon, a satellite t ransmits  l inearly polarized waves 

directly to  the ground. Usually these waves a r e  unmodulated and a t  

frequencies somewhat greater than the cr i t ical  reflection frequency. 

Ground stations a r e  prepared t o  analyze the incoming waves for  the 

effects of passage through the ionosphere. 
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One principal technique involves measurement  of the Doppler 

frequency shift resulting f rom the satel l i te ' s  high la te ra l  velocity. 

At two harmonically related frequencies, the rat io  of the observed 

frequency shifts a t  the ground usually does not coincide with the 

ra t io  of the frequencies, as would be expected in f r ee  space.  

been shown that this deviation is dependent upon the integrated 

It  has  

electron density along the wave 's  path. 

A second major  method of investigation involves observation 

of Fa raday  rotation, which can be briefly described a s  follows. 

passage through a medium such a s  the ionosphere in the presence 

of a magnetic field, a l inear ly  polarized electromagnetic wave will 

experience a rotation of its plane of polarization about the axis of 

propagation. 

electron content in a narrow column between the satell i te and 

rece iver .  

In 

The amount of rotation i s  dependent upon the total 

Instrumentation to  measu re  Faraday  rotation i s  the 

p r imary  purpose of this investigation. 

The satell i te 's  orbit  has  a pronounced effect on the 

Faraday  rotation observed a t  a ground station. 

of uniform direction requires only simple instrumentation; however, 

s eve ra l  factors m a y  lead to  variations in the rotation r a t e  and 

direction which will be discussed m o r e  fully in Chapter 11. 

most  important factor in considering the rotation for a par t icular  

orbit  i s  the spatial variation with satell i te direction of the ea r th ' s  

magnetic field component longitudinal to  the wave normal .  

Steady rotation 

The 

Consequently, a polar satell i te i s  unlikely to  produce 

changes in rotation direction and the Faraday  rotation can be 
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a 

detected by amplitude variations from a l inear antenna. However, a 

satell i te with an inclination of 40" passes  over a mid-latitude station 

in a West to  Eas t  direction and rotation direction changes a r e  

common. 

for an inclined satellite, the instrumentation must  be capable of 

continuously monitoring the angle of the wave's plane of polarization. 

Therefore,  if unambiguous rotation data a r e  to be obtained 

A continuous polarimeter could take many forms al l  a great  

deal m o r e  complex than the l inear antenna which detects amplitude 

nulls every half rotation. To determine the sense of rotation 

unambiguously, the system must  include a t  l eas t  two antennas 

and related receiving equipment for two channels. 

could be oriented a t  different angles and the null 's progress  

observed by commutating these, but this sys tem has  a resolution 

limited by the number of antennas. 

Several antennas 

The best sys tem appears t o  be one which mechanically 

follows the rotation; however, the sys tem complexity and s ize  limit 

its general  use. The basic cost and t ime to  construct and maintain 

such a system make  consideration of a simpler sys tem a certainty. 

Therefore, fixed geometry has been chosen a s  a sys tem require- 

ment of the polarimeter.  

3. Statement of the Problem 

A sys tem i s  to  be developed to  obtain unambiguous 

Faraday  rotation data from a satellite pass  under conditions which 

a r e  likely to produce fluctuations or  changes in the direction and 

r a t e  of rotation. More explicitly, a fixed-geometry continuous 

polarimeter of reasonable simplicity with a resolution on the order  
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of 5" i s  required to monitor satell i te t ransmissions for all satellite 

positions up to about 45" f rom zenith as viewed f rom the receiving 

station. 

cost, and maintenance. 

selected on the basis of the resolution required for a paper char t  

record at normal chart  speeds for  satellite data reduction (about 

5-15 mm/sec) .  

normal range of reception for a satellite orbiting a t  1000 km with a 

power output of 100-200 mw and a wave frequency of 20 MHz. 

Fixed geometry has been chosen fo r  reasons of size,  

The resolution of 5" o r  better has  been 

The 45" angle f rom zenith corresponds to the 
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11. THEORY OF FARADAY ROTATION 

1. Firs t -Order  Theory 

In propagating through a magnetoionic medium such as the 

ionosphere, a l inearly polarized plane wave m a y  be considered as 

the resultant of two oppositely sensed characterist ic waves having 

equal amplitudes but different phase velocities. In general, these 

waves a r e  elliptically polarized, but m a y  be considered to be 

circular  if the wave frequency is much greater  than the plasma 

frequency. 

are unequal, the l inearly polarized resultant is seen  to  rotate  about 

the axis of propagation as the wave t raverses  the ionosphere. This  

phenomenon is generally known as Faraday  rotation. 

Since the phase velocities of the characterist ic modes 

It can be shown, in general, that a l inearly polarized plane 

wave is formed by the vector summation of two oppositely sensed 

circular ly  polarized waves of equal amplitude. Equations for  

c i rcular ly  polarized waves, with left-handed and right-handed 

senses  respectively, may be written a s  follows, 

EL = E cos ut Tx t Eo sin ut a ( 1 )  
0 Y 

LEFT HANDED: 

- 
RIGHT HANDED: ER = Eo cos - Eo sin (ut+$): (2) Y 

where: 

EL, ER = the electric field vector in the plane of 

polarization for  each sense  

= the  electric field magnitude of each circularly 

polarized component wave 

0 
E 
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- -  
a a = unit vectors in the x-, y- direction 
x' Y 
0 = the wave angular frequency 

IC1 = the spatial angle between the field vectors  for 

the opposite senses  a t  t = 0. 

T '  Let  the vector sum of the two modes (EL t E ) be given as E 

Then a n  expression for  E 

equations (1) and. (2 ) .  

R 
can be writ ten by vector summation of T 

- 
= EL t ER - 

[ C O S  ut t COS (a t+$)]  ax t 

E ~ [  sin ut - sin (ut++)] 
Y 

= 2Eo cos (u t t4 /2)  [ cos 4 zx - sin ] ( 3 )  2 Y  

Equation (3 )  can be seen to be the equation of a l inearly polarized 

wave of magnitude 2 E o  with its plane of polarization oriented a t  an 

angle of $/2 in the right-handed direction f r o m  the x-z plane a s  

shown in Fi-gure 1 .  

wave i s  propagating, i t  is obvious that the plane of polarization for 

the l inearly polarized resultant wave will appear to rotate. 

r a t e  of rotation will proceed a t  half the r a t e  of change in 9. 

If the angle should increase  steadily while the 

The 

To show that the two modes have different phase velocities, 

producing variation in Jc, it is necessary  to  consider their  indices of 

refract ion.  Assuming negligible attenuation, a wave frequency much 

grea te r  than the plasma frequency, and for propagation quasi- 

longitudinal t o  the ea r th ' s  magnetic field, an expression for the index 

. 
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I 

LINEAR POLARIZATION AS THE RESULTANT OF TWO 
OPPOSITELY SENSED CIRCULARLY POLARIZED MODES 

FOR b 6 0 °  

c 
FIGURE I 
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of refraction may be written in the form, [4,101 

X pz  = 1 -  
l * Y L  a 

which reduces to 

1 1 
2 2 xyL p = l - - X * -  

where, 

P =  

x =  

- 
yL - 

- - E. 
0 

N =  

e =  

- 
Bo - 

m =  

e =  

the index of refraction 

(plasma frequency)' - - -  fi = Ne2 

4 2  E. mf2 
0 

f 2  (wave frequency)2 

B e C O S  8 longitudinal gyro frequency - fL - 0 - - -  
wave frequency f 2 rmf 

permittivity of f ree  space 

electron density 

the angle between the wave normal  and the 

ear th ' s  magnetic field 

the ear th ' s  magnetic flux 

electron m a s  s 

electron charge 

F o r  a wave frequency of 2 0  MHz, the ratio f is greater  than 3 : l .  N 
This means that the quasi-longitudinal approximation E4,lOI 
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. 

is  valid with an inequality better than 1 O : l  for a l l  angles of 8 except 

for the small  range of angles 90 f 2 "  which, however, cannot be 

observed in the ionosphere at  mid-latitudes. 

The Faraday  rotation i s  simply the difference, in radians, 

between the phase path lengths for the two modes f r am the satell i te 

to the receiver.  

phase phase 
path path 
(+) mode (-) mode 

where,  

s2 = the Faraday rotation angle 

ds = an element of path length 

x = the free space wavelength of the wave 

= the indices of refraction from equation (4) 
p(+), 

The two t e r m s  in equation (5) may be combined, to  a f i r s t -order  

approximation, by performing each integration over the straight 

line path between the satellite and the receiver.  

Since 

Therefor  e ,  
- 

e3 BL 
s 2 =  1 Nds 

87r3 E o C r n 2 f 2  
straight line 

* path 
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- 
where BL = B cos 0 is  the mean value for the 

ear th ' s  magnetic field in the direction of the wave 

0 
component of the 

normal, and C i s  

the velocity of light in f r ee  space. 

ionization distribution equation (6 )  becomes 

F o r  a horizontally stratified 

where, 

K X ~ N ~  

f Z  
a =  

- 
M = B C O S  8 sec  x 

0 

(7)  

e3 

8 n 3  EoCm2 
K =  

x = the angle between zevith and 

the straight line r a y  path 

h 

NT = 1 Ndh (h = height) 

0 

F o r  the case  when the ionization i s  not horizontally stratified, 

equation (6) can still be written in the form of equation (7),  but 

the quantity NT must then be interpreted a s  an "equivalent" vertical  

column integral. In fact, since the ionization i s  heavily concentrated 

about the level of peak density, and la teral  variations in N a r e  

generally small, this equivalence is found to  be physically significant. 

In this study, it i s  intended to invoke this interpretation only for 

purposes of qualitative discussion. 

2 .  Satellite Applications 

Equations (6) and (7)  descr ibe,  to a f i r s t -order  approximation, 

the total angle of Faraday  rotation experienced by an  electromagnetic 
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wave in propagation f rom the satellite to the ground. 

I ground observer  can only detect changes in rotation. 

decreases  in the total angle appear as rotation of the wave's plane 

of polarization at the ground. 

However, the 

Increases  o r  

Consequently, it i s  the r a t e  of rotation 

that is  measured  rather than the total angle. 

derivative of equation ( 7 )  produces, 

Taking the t ime 

- dS2 = - M -  K -  dNT K m 
NT dt + -  

f Z  dt f 2  dt 

which writ ten in t e r m s  of spatial gradients becomes , 

aNT + - M -  K -  a N T ~  + K K -  d s  
2 NT ax f 

M -  dQ - - - -  
ax f2  dt a t  

- 
where,  V = the horizontal component of velocity for  the straight 

line r a y  path at the mean ionospheric height. 

I f  a horizontally stratified ionosphere i s  assumed,  the second t e r m  

in equation (8)' vanishes. The f i rs t  t e r m  i s  usually very small  since 

t ime variation of N is diurnal. However, i f  the third t e r m i s  

small ,  the relative importance of any horizontal or t ime variations 

i s  magnified and the f i r s t  two t e r m s  may not be neglected. 

T 

The spatial gradient of i s  highly dependent upon the 

satell i te orbit, Figure 2 shows the distribution of a around State 

College (40. 8 ON, 77. 9"W) a s  a function of satell i te position for a 

satell i te height of 1000 km. 

near  polar orbit  w i l l  have a la rge  gradient, whereas  one inclined 

40" f rom the equator will have a very smal l  gradient ( see  Figure 3) 

It is  easily seen that a satellite with a 
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since i t  passes over State College along a West-East path a s  demon- 

strated in Figure 4. 

F o r  the satell i te with 41" inclination, any one of the three 

te rms  in equation (12) could resul t  in a change of sign corresponding 

to a change in the rotation direction a s  seen on the ground. 

example, the satell i te moving into the sunlit hemisphere will 

encounter gradients in integrated electron density resulting f rom 

increased ionization. Fur ther ,  careful study of Figures  2 ,  3,  and 

4 reveals that the 

sat  ellit e. 

F o r  

gradient will change sign for a n  inclined 

It mav be concluded that a satell i te with an inclination of about 

41" is ve ry  likely to t ransmit  signals which will result  in fluctuations 

o r  changes in Faraday rotation direction a t  a mid-latitude ground 

station. 

unlikely to change rotation direction for such a station, although the 

possibility does exist and in reali ty occurs occasionally in the 

presence of a large gradient of electron content. 

On the other hand, signals f rom a near polar satell i te a r e  
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111. DEVELOPMENT OF THE INSTRUMENTATION 

1. The Satellites 

Two ionospheric r e sea rch  beacon satellites have been 

available for  this study, S-66 Beacon B which has  a near  polar 

orbit, and S-66 Beacon C which has  an inclination of 41". 

have near  circular orbits and a nominal altitude of 1000 km. 

Typical orbit  parameters  for the two satell i tes a r e  a s  follows: 

Both 

Beacon B Beacon C 

Nodal Period (minutes) 104.8 107. 7 

Incl inat i on (de g r  e e s ) 79. 7 41. 2 

Perigee Height (kilometers) 890 940 

Apogee Height (kilometers) 1070 1320 

Both satellites t ransmit  continuous unmodulated l inearly 

polarized waves at  2 0  MHz, 4 0  MHz, and 41 MHz with power out- 

puts of 250 m w .  

normal  to the axis which is magnetically stabilized; therefore,  

only one end of the satell i te is  presented to a mid-latitude receiving 

station. 

The satell i te antennas a r e  dipoles oriented 

2 .  The Antenna System 

Continuous polarimetry can be achieved i f  the linear polar- 

ization of the wave i s  considered a s  the phase difference between 

its two oppositely sensed, c i rcular ly  polarized components a s  

discussed in Chapter 11. Development of a circular ly  polarized 
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GEOMETRY FOR THE PATTERN OF A DIPOLE ANTENNA 

FIGURE 6 
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phasor s u m  of the fields f r o m  each point source.  

difference, using the a r r a y  mid-point as reference,  is given by 

f kd/2 cos CY, where k = 2 r / X  and (Y is the angle between the path 

and the a r r a y  axis a s  defined in Figure 7. But cos CY = sin 8 cos c$ , 

and the total  field i s  given by the cosine of the mid-point phase 

difference, therefore the relative field pat tern i s  given by 

The phase 

(10) 
kd 
2 E2 = c o s (  - sin 8 cos 9 ) . 

The relative field pattern for two parallel  dipoles driven equally, 

in-phase, and spaced d wavelengths apar t  is given as the product of 

equations ( 9 )  and (10) following the principle of pat tern multiplication. 

IT kd 
2 2 cos ( -  cos e) cos ( -  sin e cos + )  

(11) sin 8 E =  

The antenna geometry is shown in Figure 8. 

E ( + ) ,  can be obtained f rom equation (11) by setting 8 = 

equation (1  1). 

The broadside pattern,  

90"  in 

Since, t he  antennas a r e  separated into opposite pa i r s ,  each 

pair  should be omnidirectional t o  obtain the desired coverage; that 

i s ,  the end-on pattern of one pair  should match the broadside 

pattern of the other. 

It can be seen f rom Figure 9 that a spacing of 1 / 3  wavelength pro-  

duces a ve ry  close pattern match up to about 45" f rom zepith. 

should a l so  be noted that the diagonal pat terns  match through 

symmetry;  therefore,  it would appear that the antennas a r e  almost 

This se t s  the cr i ter ion for element spacing. 

It 

perfectly omnidirectional within the region of interest .  This is 
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GEOMETRY FOR THE PATTERN OF AN ARRAY OF 
TWO ISOTROPIC POINT SOURCES 

FIGURE 7 
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GEOMETRY FOR THE PATTERN OF TWO 
PARALLEL DIPOLES SPACED d WAVELENGTHS 

FIGURE 8 
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shown to  be true by equation (1 1) which is plotted in Figure 10. 

Degradation of the f ree  space field pattern occurs when the 

antennas a r e  mounted horizontally above a ground plane. 

antenna height of 1 / 4  wavelength, the broadside pattern of a single 

F o r  an 

dipole nulls at + = 0 ;  whereas,  i t  was independent of + in f r ee  

space. This pattern is  plotted in Figure 11 along with the pattern 

for two isotropic point sources  in f r e e  space. The resultant 

pattern h,as been obtained by pattern multiplication and i s  a lso 

shown. 

parison with Figure 11 shows that the patterns a r e  s t i l l  almost 

The resultant end-on pattern appears  in F igure  1 2 ;  com- 

[I 1 ident i c a1 . 
It may be observed that the element lengths, 1 / 2  wavelength, 

a r e  greater  than the element spacing, 1 / 3  wavelength. This results 

in a n  overlapping at  the ends of t h e  opposite pairs .  

it  was decided t o  separate the pa i r s  vertically by 1/16 wavelength. 

Empirically, 

It can be seen that 1 /16  wavelength i s  slightly longer than the 

distance of overlap. The mean element height was chosen a t  1 / 4  

wavelength. 

Achievement of c i rcular  polarization has  been accomplished 

by connecting opposite elements in phase and phase shifting the 

perpendicular pa i r s  by 1 /4  wavelength. Utilizing the  same two 

pa i rs  and phasing their  outputs properly, both s-enses of c i rcular  

polarization have been obtained. Each mode then forms a separate  

channel. 

to a la ter  section (Section 3. 4). 

Description of the phase shifting system has been deferred 
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THE THREE DIMENSIONAL FIELD PATERN OF TWO 
PARALLEL OIPOLES SPACED WAVELENGTH APART 

FIGURE IO 
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THE END*ON FIELD PATTERN FOR PARALLEL 
DIPOLES 114 WAVELENGTH ABOVE A QERFECT 
GROUND PLANE 

FIGURE 12 
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3. Antenna Matching 

The antennas, being folded half-wavelength dipoles made 

f rom 300 ohm twin-lead, have balanced t e rmina l  impedances of 

about 300 ohms each, and must  be matched t o  75 ohm unbalanced 

coaxial cable. 

antennas must be joined and matched to a 75 ohm unbalanced line. 

In addition cables of equal length f rom opposite 

The balanced to  unbalanced conversion has  been accom- 

plished using half-wave 75 ohm coaxial cable baluns a s  shown in 

Figure 13. An impedance match of two joined 75 ohm lines to 75 

ohm line has been provided by a quarter-wavelength section of 52 

ohm cable. This was derived f rom the impedance transformation 

equation for odd multiples of quarter  wavelengths, 

v - zs  - - 
zL 

where Z 

ter is t ic  line impedance. 

and Z L  a r e  the te rmina l  impedances and Z 
S 0 

is the charac-  

4. The Antenna Phasing Network 

The phasing sys tem must properly phase and isolate the 

two pa i rs  of linearly polarized antennas to  produce the equivalent 

of two oppositely sensed circular ly  polarized antennas. The phasing 

requirements can be seen more  readily by considering a pair  of 

c rossed  dipoles a s  i l lustrated in Figure 14. 

connected directly to  the lead-in cable and te rmina l  2 i s  connected 

to  the same lead-in cable through a 1 / 4  wavelength phasing section, 

the resulting antenna systeim will be ci rcular ly  polarized f rom above 

If t e rmina l  1 is  

. 
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ANTENNA MATCH I NG 

FIGURE 13 
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CROSSED DIPOLE ANTENNAS 

FIGURE 14 
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with right-handed sense. 

t e rmina l  2 direct ly  and terminal 1 through a 1 / 4  wavelength phasing 

s ect i on. 

Left-handed sense is possible by driving 

Since the antenna system has its opposite elements connected 

together, its phasing requirements a r e  identical to  those for the 

crossed dipoles. 

(NS! and East-West (EW! respectively, and the right-handed and 

left-handed polarizations a re  labelled polar imeter  channels A 

and B respectively. 

The pairs of elements a r e  oriented North-South 

Consequently, the N S  pa i r  must drive the A receiver  

direct ly  and the  B receiver with a 1 / 4  wavelength lag. 

the EW pair  must dr ive the B receiver  direct ly  and the A rece iver  

with a 1 /4  wavelength lag.  Also, the NS pair  must be electrically 

isolated from the EW pair  and rece iver  A isolated from receiver  B. 

Conversely, 

The phasing could be accomplished through the use of isolation 

amplifiers and 1 /4  wavelength phasing lines; however, a passive 

configuration exists which wil l  f i l l  the need with only four 1 /4  wave- 

length sections of line. 

magic-T o r  hybrid-T. 

coaxial line magic-T which is shown in Figure 15 has an extremely 

complicated derivation which can be found in the  microwave 

l i terature .  91 

This configuration i s  usually called a 

Obtained from waveguide theory, the 

The constructed magic-?' functioned in the laboratory 

according to  the theory. 

input, half the power appeared at each output and no measurable  

signal appeared at the second input. 

With all te rmina ls  properly loaded and one 

The system operated well  
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within about 20% of the design frequency; outside this range some 

signal began to appear a t  the second input. 

operated a s  expected with negligible phase shift between the 1 

input and the 1 output and 90" phase shift between the 1 input and 

2 output. 

similar resu l t s  were obtained as would be expected from the  

symmetry of the system. 

The phase shifting 

The signal was then applied to  input terminal  2 and 

5. The Receiving System 

Since the polarimeter operation depends upon phase 

information between the two circular ly  polarized channels, the 

receiving system must  be capable of preserving relative phase. 

Fur ther ,  it i s  desirable  t o  have an audio frequency at the 

rece iver  output whose amplitude and phase correspond to those at  

the input. 

be easily handled and recorded on magnetic tape. 

problem is presented by the Doppler frequency shift resulting f rom 

the satellite's motion relative to the receiving station. 

receiver  bandwidth must  be wide enough t o  accommodate the 

frequency shift, but it should be a s  narrow a s  possible t o  l imit  

received noise levels and station interference. 

As audio frequency signals, the rece iver  outputs can 

An additional 

The 

Preservat ion of the phase relationship between the polar i -  

meter  channels requi res  the use of rece ivers  with a common 

frequency reference.  

a stable mas te r  oscillator for a l l  of the rece ivers ;  however, the 

Doppler frequency shift requires a tracking oscil lator i f  a constant 

Usually, this i s  achieved through the use of 
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frequency audio output i s  to  be obtained. 

shift for a close pass  of a satell i te of 1000 k m  altitude transmitting 

has a maximum of about 500 Hz f rom the nominal 20 MHz. This 

requires  about 1 KHz tracking and receiver  bandwidth. 

The Doppler frequency 

The tracking oscillator i s  a voltage controlled c rys ta l  

oscillator capable of about 500 Hz deviation f rom a nominal 1 MHz. 

The audio output f rom a receiver for a circular ly  polarized 

channel i s  filtered and used to drive the tracking oscillator. The 

output of the tracking oscillator contains selected harmonics of a 

nominal 10 MHz. The f i r s t  harmonic, which i s  250 Hz higher in 

frequency than the incoming signal at 2 0  MHz, i s  then mixed with 

the antenna signal. 

250  Hz for 2 0  MHz with amplitude and phase corresponding to  the 

polarimeter signal. 

Thus the receiver  output is  at a constant 

The signals f rom the receivers  a r e  transmitted via 

telephone line to the  recording site. 

remove excess noise, the signals a r e  recorded at 3 - 3 / 4  i .p. s. on 

magnetic instrumentation tape. 

s ame  speed and the signals a r e  again selectively filtered before 

further analysis. 

shown in Figure 16.  

After selective filtering to 

The tapes a r e  played back at the 

A block diagram of the receiving system i s  

6. The Comparator and Display System 

The output of the polarimeter sys tem is  to  appear on a chart  

record simultaneously with a number of other satell i te information 

channels. It is desired to  have a readout which displays directly the 
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THE RECEIVING SYSTEM 
FIGURE 16 
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continuous angle of rotation in a manner requiring a minimum of 

subjective interpretation. In addition, restriction of the output 

to one chart  channel i s  p refer red  to allow other information to be 

simultaneously displayed on the limited number of channels 

available. 

The plane of polarization of the incoming wave can be deter-  

mined f rom the phase relationship between the two character is t ic  

modes a s  discussed in Chapter 11. Using one mode a s  reference,  

the rotation direction is  determined by the direction of the change 

of phase for the second mode; therefore,  a l inear phase detector i s  

sufficient since the slope of its output corresponds to the r a t e  of 

change of phase. 

Each 250 Hz signal i s  clipped at  about 10% of i ts  peak value 

and the resulting almost perfect square wave is  amplified and 

selectively differentiated to provide positive pulses.  

the pulse corresponds to the leading edge of the square wave which 

in turn corresponds t o  the positive going ze ro  crossing of the 250 Hz 

signal. 

a logic level of a flip-flop. 

rectangular wave with width corresponding to the phase difference 

between the 250 Hz signals. 

p r ia te  t ime constants to produce an output whose slope i s  propor-  

tional to  the rate of change of phase. 

r amp  for clockwise Faraday  rotation and a negative going r amp  for  

counterclockwise rotation. 

2 ~ r  radians of phase difference, i .  e. every half-rotation of the plane 

The t ime of 

The two sets  of pulses f rom the differentiators each drive 

The output of the flip-flop i s  then a 

This is  then integrated with appro- 

That i s ,  a positive going 

This ramp function recycles every 
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. 

of polar iz at ion. 

The time constants were  chosen for  the integrators using 

The Fa raday  rotztion period as observed the following cr i ter ia .  

on the ground i s  seldom less  than 3 seconds per  rotation. 

1-1/2 seconds corresponds t o  the minimum t ime lapse for the 

phase between the 250 Hz signals to  proceed f rom ze ro  to  2 w  

radians phase difference. 

only . 004 seconds. This sets  the minimum allowable t ime 

constant. 

ponds to  a t ime . 05 seconds which sets  the maximum allowable 

t ime constant for the integrator. 

in Figure 17. 

Then 

The period for the signal, however, is 

The desired 5 O  angular resolution of the sys tem c o r r e s -  

The comparator diagram is shown 

. 
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IV. THE POLARIMETER OPERATION 

A block diagram of the polar imeter  system is shown in 

F i g u r e  18. The accuracy and l inearity of the system a r e  determined 

pr imar i ly  by the antenna system, its related phasing equipment, and 

the phase comparator system. Any phase differential between 

the  channels resulting from components other than those l isted 

above will be constant. Consequently, it will not affect t he  rate of 

change of phase, but simply shift the z e r o  point at the output. 

Amplitude inequalities between channels do not noticeably affect the 

system since the  only measurement i s  of phase, not amplitude. 

This is not to  say, however, that  amplitude fluctuations with 

rotation a r e  tolerable,  since these correspond to ellipticity in 

the antenna system. 

The antenna i s  t he  source of greatest  e r ro r .  Limited by 

fixed geometry, the development of an antenna that appears c i rcular ly  

polarized from all directions is an  extremely difficult task,  conse- 

quently ellipticity usually exists and, in this case,  i s  more  noticeable 

a t  l a rger  angles f rom zenith. Also, the antenna sys tem appears  

m o r e  elliptical as viewed from the diagonal than when viewed end-on 

o r  broadside. 

F igure  19 for various angles f rom zenith. 

simple crossed dipoles to  show the improvement in using the  four 

dipole arrangement. 

The axial  ratio has  been calculated and plotted in 

A plot is a l so  shown for 

' 

A circulary polarized wave approaching at an angle x = 45" 

on the antenna diagonal will appear elliptically polarized with an 

axial  ra t io  of 1.4:l. In this case ,  which i s  considered a s  the worst  
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case,  the maximum absolute scale  e r r o r  is 10" occurring when the  

wave polarization is 45" f rom vertical. The maximum differential 

e r r o r  is 1.4"/degree occurring for vertical  wave polarization and 

0.7"/degree f o r  horizontal polarization. This means that the 

remainder of the sys tem must  have no worse than 3. 5" phase 

change resolution if 5" overall  i s  required for the system. 

the polarimeter channel phase difference versus  incoming signal 

polarization angle i s  shown in Figure 20  fo r  different degrees  of 

elliptic it y. 

A plot of 

It should be remembered,  moreover ,  that development of 

this system fallows the need for a continuous polarimeter created 

by the Beacon-C satellite. 

signals f rom Beacon-C usually approach the antenna diagonal with 

small  zenith angles. 

zenith, the characterist ic modes of the signal f rom Beacon-C will 

usually appear nearly c i rcular ly  polarized for the entire pass.  A 

plot of the axial ra t io  of the ellipticity versus '  satellite position i s  

shown in Figure 2 1. 

I 

By the nature of the satell i te 's  orbit ,  

Since antenna ellipticity diminishes near  

The related matching and phasing networks associated with 

the antennas f o r m  a major  possibility for e r r o r .  

differential introduced in the system between the antennas and the 

phasing network will lead to ellipticity in the system, beyond the 

Any phase 

phasing network it will resul t  in a scale shift at  the output, 

quently, extreme c a r e  has  been taken to ensure that the cables 

f rom a l l  antennas are  of equal length and that the related matching 

networks a r e  as near ly  identical a s  possible. 

Conse- 

The magic-T phasing 
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. 

network has been laboratory tes ted and found to  be balanced. 

therefore, has been assumed that no appreciable e r r o r s  exist 

resulting f rom the phasing and matching networks. 

It, 

Polar imeter  amplitude records shown in Figures  22 through 

26 give some indication a s  to the circularity of the antenna system. 

It can be seen that s l i gh t  amplitude variations resulting f rom rota-  

tion of the plane of polarization appear  ear ly  and la te in  the pass.  

The existence of variation indicates ellipticity in the sys tem with 

an axial rat io  corresponding t o  the degree of variation. 

of the pass ,  however, the amplitude does not vary significantly 

indicating antenna circularity. 

During most  

The only other major source  of error  is  the phase comparator  

system. 

signals could be controlled, it was found to  be quite l inear over 

most  of i t s  range of operation. However, phase scintillations pro-  

duced by the wave's passage through the ionosphere cause slight 

distartion of the output as the phase difference between the  polari-  

me te r  channels approaches 360". 

comparator is faced with a decision whether t o  display maximum or  

Tested in the laboratory where the phase of two input 

A t  this point the phase 

minimum output since this  is  the rese t  value of phase. 

complicated by phase scintillation, the comparator  displays a 

slightly ambiguous output until the  fluctuations no longer pass  

through zero phase. This type of distortion appears m o r e  predom- 

inately when the rotation is very  slow, and usually resul ts  in  only a 

few degrees of ambiguity n e a r  the r e se t  position. 

Further  

Typical char t  records produced by the polarimeter a r e  
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, 

shown in Figures  22  through 26. 

Beacon-B satellite. 

polarimeter display channel slope in the same  direction; this c o r r e s -  

ponds t o  constant rotation direction. 

record for  a daytime pass cf Beacon-C. 

display changes i ts  direction of slope a t  the point indicated by a n  

arrow. 

scintillation appears in Eigure 24, and a pass with considerable 

scintillation is  displayed by Figure 25. In both cases ,  the polari-  

meter  shows the general trend of the rotation and it i s  possible to  

count the number of half rotations unambiguously in a given 

direction. 

showing scintillation. 

direction in Figure 26, valuable information about scintillation and 

the uniformity of the rotation i s  obtained. 

Figure 22  shows a normal  pass  of 

It can be seen that a l l  of the ramps  on the 

Figure 23 displays a typical 

Notice that the ramp 

A pass  of Beacon-C in which there  was some signal 

Figure 26 is the record  of a nighttime pass  of Beacon-B 

Even though the rotation does not change 

Figures 22 through 26 a lso display the modulation f rom the 

standard t ime station WWV for t ime reference,  the amplitude output 

of a l inear E-W antenna for 20 MHz, and the amplitude f rom one of 

the polarimeter channels. The amplitude record from the 20 MHz 

linear antenna shows a null every half rotation, which corresponds 

to  the plane of polarization of the wave being oriented i n a  North- 

South direction. This channel serves ,  in this case,  to  set  the 

zero  point for the polarimeter. It can be seen that for  uniform 

rotation, this channel alone could serve to  provide the necessary 

information for  Faraday  rotation study. 
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V. SUMMARY 

1. Conclusions 

Evolving f rom a need for more  complete knowledge of the 

Faraday rotation of a linearly polarized satell i te t ransmission,  a 

continuous polarimeter has been developed and constructed. 

Essentially, the polarimeter independently receives  the two 

oppositely sensed circular ly  polarized component modes of the 

2 0  MHz linearly polarized wave. 

measurements between the component modes to determine 

unambiguously the r a t e  and direction of the polarization rotation. 

This has been accomplished using a fixed geometry of four half- 

wavelength dipole antennas. 

a r e  received by the same antennas and separated using a d rectional 

coupling and phasing network. The component modes a r e  compared 

using a l inear phase comparator such that the slope of the output 

reveals the rate and direction of the Faraday rotation. 

It then per forms phase 

Both senses  of c i rcular  polar zation 

The system is  capable of measurements  foF all sources  up to  

45" f rom zenith and i s  a t  least  capable of detecting all 5" o r  greater  

changes in rotatiorr and of absolute angle within 10". 

output shows continuously the rotation direction and r a t e  a s  the 

slope of a lineaP phase plot. 

The display 

The experimental system has been used to  interpret  records 

of polarization rotation f rom a number of satellite passages under 

varying conditions of aspect and for both quiet and disturbed 

ionospheric conditions. I ts  performance i s  found to be generally a s  
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predicted f rom a theoretical analysis. 

2.  Suggestions for Further  Investigation 

The greatest  room for improvement in t h e  existing system 

is the antenna. 

angle determination, f rom its worst  case  value of 10" to  5", could 

be gained from- an antenna system half as elliptical at large zenith 

angles. 

ments f rom three radially oriented dipoles o r  by deviating f rom 

A marked  decrease in the e r r o r  for absolute 

This could possibly be accomplished by phase measure-  

horizontal plane orientation of the antenna elements. 

system has  been suggested by Brown ( 1 9 . ~ ) ~ ~ ~  but it i s  limited t o  

one sense of polarization. 

Such a 

If a technique could be developed to remove the systematic 

Faraday rotation f rom the output, the display would reveal  only 

fluctuations in the plane of polarization. 

scintillation studies to be performed using the polarimeter 

system. 

accomplished using a mechanical resolver  with a slow response. 

Driving the resolver  with the phase comparator output and 

subtracting its output f rom its input should reveal  only fluctuations 

in the rotation. 

re  s ult s . 

This would enable phase 

Pre l iminary  investigation suggests that this could be 

An electrical analog could produce the same  
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Meteorological data gathered f o r  the 
launching of Aerobee NASA 4.9  UG are pre- 
sented for the National Aeronautics and 
Space Adminis t ra t ion,  Princeton University 
and for b a l l i s t i c  studies. 
along with calculated b a l l i s t i c  data, i n  
tabular form. 

The data appear, 
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Aerobee NASA 4.51 UG was launched by Naval Ordnance Mis- 
si le  T e s t  Faci l i ty  personnel, White Sands Missile Range (WSMR), 
N e w  Mexico, at  2207 hours E T ,  23 May 1966. 

Meteorological data used i n  conjunction with theoretical 
calculations t o  predict rocket impact were collected by the 
?-k teoro loglca l  3ipport Di~sloii, dtmapherlc Szieiees Labora- 
tory, White Sands Missile Range, New Mexico. The Ba l l i s t i c  
Meteoro logis t s  f o r  t h i s  f i r ing  were Gordon I,. Dunaway and Ivan 
I. Layton. 

DISCUSSION 

Wind data for the first, 4,000 feet above the  surface were  
obtained from a Double-Theodolite Wind Velocity Computer Sys- 
tem (1). 
and tracked from a 2,000-foot baseline. 
data were transmitted from two e lec t r ica l ly  instrumented theo- 
dol i tes  t o  a computer where the  data were reduced t o  obtain a 
velocity-vs-height relationship. 
two recorders which trace north-south and east-west components 
on a specially designed wind velocity computer ba l l i s t ic  chart, 
It is possible t o  read directly f r o m  the  chart both the mean 
wind component values and the  mean b a l l i s t i c  wind components 
i n  the  various b a l l i s t i c  layers. 

Balloons released at  the  launch s i te  were observed 
Continuous angular 

The computer output drives 

Temperature, pressure and humidity data, along with upper 
wind data from 4,000 t o  approxinately 100,000 feet above the  
surface, were obtained f rom standard rawinsonde operations. 

Mean wind component values i n  each b a l l i s t i c  zone were 
determined from ve r t i ca l  cross sections by equal-area method. 

Data appearing i n  Tables IX, X and X I ,  are based on 
the  L. D, Duncan (2) theory. 
when applicable, an adjustment of impact based on the  experi- 
ence of t he  Ba l l i s t i c  Meteorologists and the  forecast  o f  fir- 
ing t i m e  wind conditions. 

The "Predicted Impact" includes, 

1 
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